INTRODUCTION
Signal transduction processes mediated by heterotrimeric G-proteins (G-proteins) consisting of Ga, Gb and Gc subunits are hallmarks of all eukaryotes. One canonical and three extra-large Ga, one Gb and three Gc proteins constitute the G-protein complex in Arabidopsis (Urano and Jones, 2014; Chakravorty et al., 2015; Maruta et al., 2015) . Despite their limited numbers, the proteins have been shown to affect essentially every aspect of Arabidopsis growth and development, including seed development and germination, meristem development, regulation of leaf shape and size, silique development, stomatal development and physiology, modulation of multiple hormone responses, regulation of plants' responses to bacterial and fungal pathogens, water and nutrient use efficiency, and overall plant architecture (Ullah et al., 2002 (Ullah et al., , 2003 Chen et al., 2006a; Pandey et al., 2006 Pandey et al., , 2010 Trusov et al., 2006 Trusov et al., , 2007 Trusov et al., , 2009 Warpeha et al., 2006 Warpeha et al., , 2007 Fan et al., 2008; Nilson and Assmann, 2010; Alvarez et al., 2011; Zhang et al., 2011; Torres et al., 2013; Roy Choudhury et al., 2014; Urano and Jones, 2014; Chakravorty et al., 2015; Cheng et al., 2015; Maruta et al., 2015) . Observations such as these imply the inherent plasticity of plant G-protein signaling mechanisms.
The core of this signaling module consists of the G-proteins themselves, which are linked to a cognate receptor, and their regulatory and effector proteins. According to the classical paradigm of G-protein signaling, during the resting phase the Ga is GDP-bound and associated with the Gbc dimer. Ligand binding to the receptor leads to a change in the guanine nucleotide binding status of the Ga protein. GDP on Ga is replaced by GTP, which results in the dissociation of the trimer in active, GTP-bound Ga and the Gbc dimer. Both entities can interact with a variety of effector proteins to transduce the signal downstream. The inherent GTPase activity of Ga protein causes hydrolysis of bound GTP to GDP and Pi, consequently regenerating the inactive GDP-GaGbc trimer, and completing one signaling cycle (Cabrera-Vera et al., 2003; Offermanns, 2003) . A suite of regulatory proteins, for example the regulator of G-protein signaling (RGS) and phospholipases, can accelerate the GTPase activity of Ga, thereby affecting the duration of the active signaling phase and the availability of the trimer for the next round of activation (Tu and Wilkie, 2004; Siderovski and Willard, 2005; Ross, 2011; Kadamur and Ross, 2013) .
The Arabidopsis Ga protein, GPA1, has been proposed to be self-activating (Jones et al., 2011; Urano et al., 2012a) . It also exhibits significantly slower GTPase activity compared with the mammalian Ga proteins. Therefore, in contrast to the metazoan G-protein cycle, where the receptor-dependent GTP/GDP exchange on Ga is the rate-limiting step, GTP-hydrolysis leading to the deactivation of Gprotein cycle is considered to be the rate-limiting step in Arabidopsis (Urano et al., 2012a; Colaneri and Jones, 2014) . The role of regulatory proteins that accelerate the GTPase activity of GPA1 (GTPase activity accelerating proteins, GAPs) is therefore critical in defining the on or off stage of signaling, underlining the importance of RGS and phospholipase homologs.
The Arabidopsis genome encodes a single, unique, 7-transmembrane-possessing RGS protein, AtRGS1, which accelerates the GTP-hydrolysis by Ga by at least an order of magnitude under in vitro conditions (Johnston et al., 2007) . Some of the physiological processes, for example abscisic acid (ABA)-mediated inhibition of seed germination, are oppositely regulated in Arabidopsis mutants lacking the GPA1 (Arabidopsis Ga) or RGS1 genes, confirming the role of AtRGS1 as a classic GAP for G-protein cycle regulation.
Phospholipases comprise a diverse family of lipid-hydrolyzing enzymes. All four subfamilies, phospholipase A1 (PLA 1 ), phospholipase A2 (PLA 2 ), phospholipase C (PLC) and phospholipase D (PLD) are encoded by multigene families in Arabidopsis. These are involved during regulation of a variety of signaling, developmental and metabolic pathways (Wang et al., 2012) . While in animals, the PLCb proteins are key regulators of G-protein signaling via their interaction with RGS proteins, in plants, the PLD proteins seem to have adapted a similar role. The Arabidopsis genome codes for 12 different PLDs, which differ by their domain structures, biochemical properties and expression profiles . Of these, PLDa1 has been linked to G-protein cycle during regulation of a subset of ABAmediated responses Zhang et al., 2005 Zhang et al., , 2009 Mishra et al., 2006; Li et al., 2009; Lu et al., 2013) . We and others have shown that PLDa1 binds with GPA1 and acts as a GAP to accelerate its GTPase activity Roy Choudhury and Pandey, 2016) .
We have also identified biochemical and genetic interactions between PLDa1 and RGS1 in Arabidopsis during the regulation of a subset of G-protein-mediated signaling pathways (Roy Choudhury and Pandey, 2016) . We showed that these two proteins interact with each other and form a higher order protein complex with the G-protein heterotrimer. Furthermore, for a subset of responses that are regulated by GPA1 and AGB1 (the sole Gb protein of Arabidopsis) in a quantitatively different manner, PLDa1 primarily acts as a GAP for GPA1, and the role of RGS1 is likely to inhibit the GAP activity of PLDa1. These data suggest a complex negative feedback regulation between these two regulatory proteins of GPA1 to ascertain the precise activation/deactivation of G-protein cycle.
In the work presented in this manuscript, we provide further mechanistic insights of PLDa1 and RGS1 interaction and their effect on the modulation of G-protein cycle. We show that RGS1 can specifically bind phosphatidic acid (PA), which is a key product of PLDa1 activity in Arabidopsis. PA binding significantly inhibits the GAP activity of RGS1. PA binding to RGS1 is biologically relevant. Complementation of rgs1 mutants with an RGS1 protein variant, which is deficient in its ability to bind PA, is unable to restore the mutant phenotype for a subset of ABAmediated responses. These data show an additional mechanism for the deactivation of RGS proteins by PA binding, similar to what has been reported in metazoan systems, besides its deactivation by internalization, which is reported during sugar signaling pathways in Arabidopsis (Urano et al., 2012b; Phan et al., 2013) . Our results suggest that the relative paucity of the core G-protein components in plants together with their involvement in a multitude of signaling and developmental pathways has resulted in intricately controlled, multifaceted regulatory mechanisms, probably leading to ample biochemical plasticity, with the final goal of precise signal response coupling.
RESULTS

Arabidopsis RGS1 binds PA
The genetic interaction between RGS1 and PLDa1 (Roy Choudhury and Pandey, 2016) , the role of PA in regulating several G-protein-mediated processes in plants (Zhang et al., 2004 (Zhang et al., , 2009 Li et al., 2009; Guo et al., 2011; Zhao and Wang, 2013) , and the evidence from the mammalian systems that PA can bind and affect the activity of mammalian RGS proteins (Ouyang et al., 2003; Tu and Wilkie, 2004) led us to explore the role of PA during regulation of G-protein cycle in Arabidopsis. In an initial screen using fat blot assay, we identified an interaction between the recombinant, purified RGS domain of AtRGS1 with PA, but not with other lipids such as phosphatidylcholine (PC) and phosphatidylethanolamine (PE; Figure 1a) . The PA-RGS1 interaction was further evaluated by liposome immunoprecipitation. For this assay, purified RGS1 protein was incubated with lipid vesicles composed of PA:PC (1:3 molar ratio), PE:PC (1:3 molar ratio) or PC only. RGS1 protein exhibited specific binding to liposomes containing PA:PC, but not with liposomes that contained PE:PC or PC only (Figure 1b) . To corroborate these results, we used surface plasmon resonance (SPR) to monitor the PA binding to RGS1 (Figure 1c) . The representative sensorgram response units (RUs) increased, demonstrating efficient binding, when the liposomes composed of PA:PC (1:3 molar ratio) were incubated with RGS1, whereas no increase in RUs was observed when liposomes composed of PC were used. Taken together, these assays suggest that RGS1 is a PA-binding protein.
To confirm the specificity of binding and to identify potential amino acid residues of RGS1 involved in PA binding, we generated a variant RGS1 protein by site-directed mutagenesis. We targeted a conserved lysine residue in AtRGS1, Lys
259
, which corresponds to human RGS4 Lys 20 ( Figure S1 ). HsRGS4 Lys 20 has been shown previously to be important for the PA-induced conformational changes, although in this case the protein-lipid binding per se was not affected (Ouyang et al., 2003) . Interestingly, the mutant AtRGS1 protein with Lys 259 changed to Glu 259 (RGS1 K259E ) showed considerably diminished interaction with PA by fat blot assay (Figure 1a , middle lane) and liposome binding assay ( Figure 1b (Table S1 ).
PA binding with RGS1 inhibits its GAP activity
To verify whether the observed interaction of PA with RGS1 had an effect on its activity, an in vitro phosphate release assay was used in which the GAP activity of RGS1 on its cognate Ga was assessed in the presence of PA or PC. Non-lipid-treated RGS1 protein and GPA1 were used as positive controls. The association of PA with RGS1 resulted in a significant reduction in its GAP activity as shown by a decrease in the amount of free phosphate released ( Figure 2a ). The inhibitory effect of PA was concentration-and time-dependent. Up to 60% inhibition of GAP activity was detected at 200 lM PA, although the effect was seen at as low as 25 lM PA ( Figure S2 ). Pre-incubation of RGS1 with 200 lM PA for 60 min resulted in up to 75% loss in its GAP activity, whereas an identical pre-incubation with PC did not have any effect on the GAP activity of RGS1. Addition of PA or PC had no effect on the intrinsic GTPase activity of GPA1 ( Figure S3 ). The specificity of the PA-dependent inhibition of the GAP activity of RGS1 was evaluated using RGS1 K259E mutant protein.
No effect of the pre-incubation of PA was seen when the mutant protein was used, suggesting that PAbinding to RGS protein was causing the loss of GAP activity ( Figure 2b ). It is also evident that the mutant RGS1 K259E is fully active as a GAP, and the mutation did not result in a general loss of the protein activity. RGS1 E320Q exhibits no GAP activity on GPA1, as has been previously reported.
PA binding to RGS1 affects G-protein regulated ABA signaling pathways
To address the biological significance of PA binding to RGS protein, we complemented the rgs1-2 mutants of Arabidopsis with native (RGS1) and mutant versions (RGS1 K259E and RGS1 E320Q ) of the RGS1 gene, driven by the native RGS1 promoter. Two independent, homozygous T3 lines per construct were selected for various phenotypic analyses, along with a vector only (EV) transformed control line. Because PLDa1, PA as well as G-proteins and RGS all have been shown to be involved during the regulation of ABA signaling pathways (Jacob et al., 1999; Zhang et al., 2004 Zhang et al., , 2005 Zhang et al., , 2009 Wang, 2005; Chen et al., 2006b; Pandey et al., 2006 Pandey et al., , 2010 Fan et al., 2008; Roy Choudhury and Pandey, 2016) , we evaluated the native and mutant RGS1 complemented plants for their phenotypes in response to ABA. During ABA-dependent inhibition of seed germination, rgs1-2 mutant seeds exhibited hyposensitivity compared with wild-type (WT) seeds, as has been previously reported (Chen et al., 2006b; Roy Choudhury and Pandey, 2016) . Mutant seeds complemented with native RGS1 gene displayed full complementation and had WT sensitivity to ABA for seed germination, whereas the rgs1-2 seeds complemented with RGS1 E320Q (the inactive version of RGS1 protein) displayed sensitivity similar to the rgs1-2 seeds. Intriguingly, the germination of transgenic seeds complemented with RGS1 K259E on ABA-containing medium was delayed significantly, and a clear hypersensitivity to ABA was observed compared with the WT or rgs1-2 seeds (Figures 3a and S4) . We evaluated the ABA-dependent inhibition of primary root growth of WT, rgs1-2 and various complemented plants. Although the root lengths of rgs1-2 mutants were relatively longer than the WT plants, the rgs1-2 mutants showed a hyposensitivity to ABA (25% inhibition in WT plants versus 15% inhibition in rgs1-2) for the inhibition of root length (Figures 3b and S5 ). For the complemented plants, a trend similar to the effect of ABA during seed germination was observed. While the rgs1-2 mutants expressing the native RGS1 gene exhibited full complementation (25-30% reduction in root length, similar to WT), the RGS1 E320Q and EV complemented roots showed hyposensitivity (~15-17% reduction in root length) similar to rgs1-2 mutants. However, the RGS1 K259E complemented roots exhibited hypersensitivity to ABA with about 45% reduction in the primary root length. Exogenously applied PA also inhibits primary root length (Kim et al., 2013) . Interestingly, similar to what was observed with ABA, the rgs1-2 mutants exhibited hyposensitivity to PA for the inhibition of root growth, compared with the WT plants. Furthermore, rgs1-2 plants complemented with different versions of RGS1 gene followed a similar trend in response to PA (Figures 3c and S6b) as the root growth on ABA-supplemented media. Native RGS1 complemented plants showed phenotypes similar to WT plants, no complementation was seen in plants containing EV or RGS1 E320Q , and the plants expressing RGS1 K259E exhibited hypersensitivity to PA-dependent inhibition of root length (Figures 3c and S6 ). No effect of exogenously K259E (1 lM). All experiments were repeated three times, and data were averaged. Error bars represent the mean AE SE.
added PC was seen on the root growth of any of the plants (Figure 3c ). It is also noteworthy that the overall longer root phenotype of rgs1-2 mutants is fully complemented by the introduction of RGS1 K259E , similar to the complementation with native RGS1 gene (Figure 3b and c) on control media, suggesting that the hypersensitivity observed with RGS1 K259E is specific to certain signals or pathways.
We next tested the effect of ABA (25 lM) and PA (100 lM) on the stomatal opening and closure responses of WT, rgs1-2 and rgs1-2 complemented with native RGS1 and RGS1
K259E
. Although the rgs1-2 mutants have an essentially WT response to ABA (Figure 4) , as has been also reported previously (Fan et al., 2008) , and PA (Figure 4) , the RGS1 K259E complemented plants showed hypersensitivity to both ABA and PA during the inhibition of opening response (Figure 4a ). The ABA-induced promotion of closure response was similar to WT in all genotypes (Figure 4b) . Non-identical response to ABA during these two closely related stomatal responses (inhibition of opening and promotion of closure) has been previously reported for G-protein and PLDa1 mutant plants as well (Wang et al., 2001; Zhang et al., 2004) .
lines show WT phenotype in additional responses
In addition to the hyposensitivity to ABA during seed germination and post-germination growth, the rgs1 mutants also exhibit longer hypocotyl in darkness, longer root length, and hyposensitivity to glucose (Chen et al., , 2006b Johnston et al., 2007; Phan et al., 2013) . We evaluated the effect of PA-RGS1 interaction on these phenotypes. Similar to the primary root length without ABA treatment (Figure 3 ), introduction of either native or RGS1 K259E versions of RGS1 restored the dark-grown hypocotyl length of rgs1-2 plants to WT levels, whereas rgs1-2 complemented with RGS1 E320Q or EV displayed longer hypocotyls similar to the mutant (Figure 5a ). Similarly, to examine the effect of glucose during seed germination, radicle emergence was evaluated in the presence of 6% glucose. The rgs1-2 mutants and plants complemented with RGS1 E320Q and EV showed hyposensitivity to glucose compared with WT plant, as expected. However, in contrast to their response during ABA-mediated inhibition of germination, no significant difference was observed between the native RGS1 complemented mutants or those complemented with RGS1
K259E
. All these plants showed response similar to the WT (Figures 5b and S7 ). To assess whether the phenotypes of different RGS1 complemented lines is related to an altered lipid metabolism in these plants, we compared the level of total lipids in the developing cotyledonary leaves of WT, rgs1-2 and complemented plants by Nile Red staining (Para et al., 2016) . Because PLDa1 is a key lipid-hydrolyzing enzyme in plants, we used the plda1-1 mutant as a positive control. Compared with the WT cotyledons, significantly higher lipid accumulation was observed in plda1-1 mutants; however, rgs1-2 mutants and various complemented lines exhibited lipid accumulation similar to the WT plants ( Figure S8 ).
RGS1
K259E inhibits PLD activity of PLDa1 similar to the native RGS1
We have recently demonstrated that RGS1 interacts with and inhibits the phospholipase activity of PLDa1 (Roy Choudhury and Pandey, 2016) . To investigate whether ) were compared with WT (Col-0), rgs1-2 mutant and EV control seeds at the 48 h time point. L1 and L2 represent two independent lines for each transgene. ABA, abscisic acid; WT, wild-type. (b) Seeds were germinated on 0.5 9 MS containing 1% sucrose for 72 h followed by transfer of germinated seedlings to plates containing 20 lM ABA or ethanol (control). Primary root length was measured after 6 days of vertical growth, n = 30. (c) Seeds were germinated on 0.5 9 MS for 72 h followed by transfer to 50 lM PC or PA. The length of primary root was calculated from all lines after 6 days of vertical growth. All experiments were repeated three times, and data were averaged. Error bars represent the mean AE SE. * indicates P < 0.05 and ** indicates P < 0.001 as determined by t-test in comparison with WT (control/ABA) or (PC/PA). PA, phophatidic acid; PC, phosphatidylcholine.
K259E protein is able to inhibit PLDa1 activity, we tested the activity in the presence of native and mutant proteins. The mutant RGS1 K259E protein inhibited the PLDa1 activity to the similar extent as the native protein, suggesting that PA binding to RGS1 is not required for the RGS1-dependent inhibition of PLDa1 activity (Figure 6a ). We further tested the ability of the native and mutant RGS1 proteins to interact with PLDa1 and with GPA1 in an in vivo co-immunoprecipitation assay. No difference in interaction was seen when using native or mutant versions (RGS1 K259E and RGS1 E320Q ) of RGS1 as bait proteins for immunoprecipitation ( Figure 6b ).
Proposed mechanistic model for PA-dependent regulation of RGS1
The results presented in this study established that PA, which is a key product of PLDa1 activity in Arabidopsis (Hong et al., 2016) , binds and inhibits the GAP activity of RGS1 protein. This, combined with our previous results that RGS1 can inhibit the activity of PLDa1 (Roy Choudhury and Pandey, 2016) , implies that a double-negative feedback loop exists between these two regulatory proteins, and a balance between their activities precisely modulates the level of active Ga in WT plants. In plants complemented with RGS1 K259E , PA binding and consequently the inhibition of the RGS1 activity by it is significantly reduced. However, this protein can still inhibit the PLDa1 activity to the (a) Inhibition of stomatal opening and (b) promotion of stomatal closure experiments were performed with fully expanded leaves of 5-week-old WT (Col-0), rgs1-2 and rgs1-2 mutant complemented with RGS1 and RGS1 K259E . After 2.5 h of ABA or PA treatment, images of epidermal stripes were recorded using a wide-field microscope. Approximately 75-100 stomatal apertures from each line per treatment were measured using Image J. The experiments were performed double-blind. Data are the mean of three biological replicates. Error bars represent the standard error of the mean. * indicates P < 0.05 as determined by t-test in comparison with WT (ABA or PA). ABA, abscisic acid; PA, phosphatidic acid; WT, wild-type. (a) Seeds from identical seed lots were plated on 0.5 9 MS medium containing 1% sucrose. Three-day-old dark-grown hypocotyl lengths were measured in native RGS1 and mutant RGS1 (RGS1 K259E and RGS1
E320Q
) complemented plants and compared with WT, rgs1-2 mutant and EV control plants. Top panel shows representative images of 3-day-old dark-grown hypocotyls of WT, mutant and complemented plants. Scale bar: 3 mm. The experiment was repeated three times and data were averaged, n = 20 plants per genotype, per experiment. Error bars represent the mean AE SE. * indicates P < 0.05 as determined by t-test in comparison with WT. (b) Seeds from identical seed lots of WT, rgs1-2 mutant and all transgenic lines were plated on 0.5 9 MS medium in the absence or presence of 6% glucose. Germination was recorded at 48 h after transfer of the plates to growth chambers and expressed as a percentage of total seeds. The experiment was repeated three times and data were averaged. Error bars represent the standard error of the mean. * indicates P < 0.01 as determined by ttest in comparison with WT (glucose). WT, wild-type. (Figure 7a) . The phenotypes, which are regulated by this specific signaling mechanism, would therefore be expected to be opposite of the rgs1 mutant phenotypes, which is exactly what we observe for the ABA-dependent inhibition of seed germination, root growth and stomatal responses. This proposed model predicts that the rgs1-2 mutants complemented with either RGS1 or RGS1 K259E will exhibit similar response if PA production is abolished. To test this we assessed the effect of 1-butanol, a specific inhibitor of PA production by PLDa1 activity (Munnik et al., 1995) , which inhibits seed germination (Gardiner et al., 2003) , using WT, mutant and complemented lines' seeds. Mutant rgs1-2 seeds displayed hyposensitivity to 1-butanol-mediated inhibition of seed germination, which was also seen for the mutant lines complemented with inactive RGS1 (RGS1
) or empty vectors. Seeds from all complemented lines behaved similarly and exhibited germination similar to the WT seeds (Figure 7b ).
These data support the idea that multi-level regulation of the G-protein cycle dependent on specific signals and elicited responses exists, which provide the immense plasticity required for precise control of plant growth and ). GPA1 was used as a positive control and BSA was used as a negative control for these assays. The experiment was repeated three times and data were averaged. Error bars represent the mean AE SE. BSA, bovine serum albumin; PLD, phopholipase D. K259E , the variant RGS protein can inhibit the activity of PLDa1; however, it can no longer be inhibited by PA, and consequently hypersensitivity to ABA. ABA, abscisic acid; GAP, GTPase-activity accelerating proteins; PA, phosphatidic acid; PLD, phospholipase D; WT, wild-type. (b) Validation of proposed model by inhibition of PA production by 1-butanol. Seeds from identical seed lots were plated on 0.5 9 MS medium containing 1% sucrose in the presence of 0.1% 1-butanol or 2-butanol (control). Germination rate of two different complemented lines of native RGS1 and mutant RGS1 (RGS1 K259E and RGS1
) were compared with WT (Col-0), rgs1-2 mutant and EV control seeds at 48 h time point. L1 and L2 represent two independent lines for each transgene. All experiments were repeated three times, and data were averaged. Error bars represent the mean AE SE. * indicates P < 0.05 as determined by t-test in comparison with WT. development under constantly changing environmental conditions.
DISCUSSION
Accurate alteration of the 'on' and 'off' states of the G-proteins and their regulatory proteins is central to the precision with which diverse signaling pathways are controlled. Our results show the existence of a negative feedback loop between two of the regulatory proteins of GPA1, RGS1 and PLDa1, which causes the reciprocal modulation of their biochemical activities. We have previously shown that in a subset of G-protein signaling pathways, PLDa1 acts as a primary GAP protein, but its activity is tightly controlled by RGS1 (Roy Choudhury and Pandey, 2016) . We have now determined that PA, which is a key product of PLDa1 activity in Arabidopsis, can bind with and inhibit the GAP activity of RGS1.
Phosphatidic acid plays an important role in regulation of multiple cellular signaling, developmental and metabolic pathways in all organisms. In plants, the role of PA as a key modulator of signaling during biotic and abiotic stress, nutrient sensing overall biomass production is wellestablished (Wang, 2005; Li et al., 2009; Guo et al., 2011; Wang et al., 2012; Kim et al., 2013) . A variety of proteins known to be involved during key developmental and signaling pathways, including phosphatases such as ABI1 and PP2AA1, kinases such as SnRK2.4, PDK1, CTR1 and a potassium channel b subunit KAB1 have been identified as PA-binding proteins in plants (Guo et al., 2011; Kim et al., 2013; McLoughlin et al., 2013) . However, how PA affects their biochemical activities remains mostly unknown. Our results not only identify RGS1 as a PA-binding protein (Figure 1) , but also show the biochemical effects of such an interaction (Figure 2) . Some of our results of PA binding with RGS1 are similar to what has been reported in mammalian systems. Mammalian RGS4 has been shown to specifically bind PA and this binding significantly inhibits its GAP activity (Ouyang et al., 2003; Tu and Wilkie, 2004) , similar to what we observed for AtRGS1. A conserved Lys in the RGS domain of AtRGS1, which corresponds to the Lys 20 of RGS4, is required for the inhibition of GAP activity by PA-binding in both HsRGS4 and AtRGS1, i.e. a mutation from Lys to Glu abolishes the effect of PA on the GAP activity of RGS protein. However, while in the mammalian RGS4 the substitution of this Lys residue to Glu (K20E) has no significant effect on PA-binding per se (Ouyang et al., 2003) , the corresponding mutation in AtRGS1 almost completely abolishes PA binding (Figure 1) . This suggests that the regulatory mechanisms between plant and mammalian RGS proteins are not identical. It is likely that PA binding serves different purposes for mammalian and plant RGS proteins. AtRGS1 is a 7-transmembrane domain-containing protein and is tethered to the plasma membrane . None of the metazoan RGS proteins, including RGS4, possess transmembrane domain(s) and possibly require phospholipid binding or additional modifications to localize to the membranes, where the rest of G-protein complex exists. Consequently, the inability to bind PA may have an effect on both the localization and activity of RGS proteins in metazoan, resulting in the evolution of a more elaborate contact surface for PA binding.
One of the key findings of our study is the identification of a direct link between ABA-lipid-G-protein signaling. It has been demonstrated that the level of PLDa1-derived PA increases significantly in response to ABA (Jacob et al., 1999; Zhang et al., 2004; Wang, 2005) . We and others have also shown that G-proteins and their regulatory proteins RGS1 and PLDa1 are key modulators during ABA signaling Zhang et al., 2005 Zhang et al., , 2011 Chen et al., 2006b; Mishra et al., 2006; Pandey et al., 2006 Pandey et al., , 2010 Fan et al., 2008; Alvarez et al., 2011; Lu et al., 2013; Roy Choudhury and Pandey, 2016) . This study suggests that increased production of PA in response to ABA may result in significant inhibition of RGS1 activity, which possibly determines the kinetics of G-protein cycle, affecting the amplitude and/or duration of signaling thereby resulting in precisely regulated outputs (Figures 3, 4 and 7) . The effect of PA binding seems to be specific to a subset of pathways only. For certain developmental responses, such as hypocotyl or primary root length, or during glucose-signaling (Figures 3 and 5) , the phenotypes of mutants complemented with either native or PA-binding deficient mutants were similar to each other.
The existence of such regulatory mechanisms offers a glimpse of the possible plasticity that exists during regulation of plant G-protein-signaling pathways. Even though the Arabidopsis genome codes for a single RGS and a single canonical Ga, there are genes encoding at least 12 PLD, nine putative Pi-PLC, six non-specific PLCs, 12 PLA 1 , four sPLA 2 and 10 pPLA proteins (Wang et al., 2012; Urano and Jones, 2014) . Except for PLDa1, none of these has been characterized for their role in G-protein signaling. Similarly, three extra-large Ga proteins also exist in Arabidopsis, which work together with the canonical Ga and Gbc proteins (Chakravorty et al., 2015; Maruta et al., 2015; Hackenberg et al., 2016b) ; however, whether their GTPase activities are affected by either RGS1 or any of the phospholipases remains unknown. Moreover, there are multiple instances of the regulation of Gbc proteins by the activity of RGS as well as phospholipases in mammalian systems (Abramow-Newerly et al., 2006; Kadamur and Ross, 2013; Lyon et al., 2014; Dusaban and Brown, 2015) , which remain mostly unexplored in plants and will provide exciting avenues for future research.
The output of the G-protein-signaling pathways is inherently dependent on the kinetic properties of the Ga protein, which is determined by the balance between GTP-binding and GTP-hydrolysis (Ross and Wilkie, 2000; Siderovski and Willard, 2005; Ross, 2011 Ross, , 2014 Sanchez-Fernandez et al., 2014) . The proteins that can control the rates of GTP-binding or -hydrolysis, for example phospholipases and RGS, are therefore themselves intricately regulated. Plants such as Arabidopsis, that possess a relatively smaller repertoire of the G-proteins (Hackenberg et al., 2016a) , exhibit a wonderful example of how a core comprised of relatively few proteins can modulate a large number of signaling pathways, diverse in timescale, regulation and outcome to provide for optimum response under constantly changing external and endogenous environments. Understanding the mechanistic details of such regulations will help us evaluate their overall contribution to plant growth and survival.
EXPERIMENTAL PROCEDURES Plant material, growth conditions and physiological assays
Arabidopsis thaliana WT (Columbia ecotype Col-0) and T-DNA insertion knockout line of rgs1 (Salk_074376), were obtained from ABRC (https://abrc.osu.edu). A 1.5-kb fragment upstream of the RGS1 gene was amplified using genomic DNA, and was used as the promoter to drive the expression of native and mutant versions of RGS1 genes in PFGC1008 vector (TAIR Accession 1004952069) for plant complementations. Plants were transformed using floral dip method and transformants were selected by hygromycin resistance. Seedlings were grown in a growth chamber at 22°C in a 14/10 h light/dark cycle. Seeds collected from the homozygous T3 lines were used for physiological analyses.
For assessing the effect of ABA on seed germination and for hypocotyl length quantification, plate-based assays were performed essentially as described previously (Roy Choudhury and Pandey, 2016) . Briefly, for ABA-mediated inhibition of germination, seeds were surface sterilized by treating with 80% ethanol for 2 min followed by incubation in 30% (v/v) bleach/0.01% (v/v) Tween-20 for 10 min. Seeds were washed at least six times with sterile water and plated on 0.5 9 MS agar plates containing 1 or 2 lM ABA or an equimolar amount of EtOH (control). After incubating for 2 days at 4°C, seeds were moved to 22°C with constant lighting (100 lmol m À2 sec À1 ). To assess the effect of glucose or 1-butanol on seed germination, seeds were germinated on 0.5 9 MS agar plates containing 6% glucose (filter sterilized) or 0.1% (v/v) 1-butanol, respectively. An equal quantity of 2-butanol was used as control for 1-butanol-mediated inhibition of germination. Protrusion of radicles was counted as germination. At least 60 seeds per genotype per treatment were used, and the experiment was repeated three times. Hypocotyl lengths were measured from 3-day-old, dark-grown seedlings.
For evaluating the effect of ABA, PA or PC on primary root length, seeds were grown on 0.5 9 MS agar plates for 72 h and robust seedlings were transferred to 0.5 9 MS agar media supplemented with 20 lM ABA, 50 lM PA, 50 lM PC or an equimolar amount of appropriate solvent (control), and grown vertically under constant light (100 lmol m À2 sec
À1
) for 6 days. The plates were photographed and root lengths were measured from at least 30 roots per genotype per treatment, using Image J. The experiment was repeated three times, independently.
For ABA-induced promotion of stomatal closure and inhibition of stomatal opening, measurements were performed essentially as described previously (Roy Choudhury et al., 2014) . Fully open (for promotion of closure) or closed (for inhibition of opening) leaves from WT, mutant and complemented lines were treated with ABA (25 lM) or PA (100 lM) or an equimolar amount of solvent control. Images of epidermal stripes were recorded using a wide-field microscope fitted with digital camera, and the aperture widths were measured using Image J from at least 75 stomata per genotype, per treatment. Three biological replicates of the experiment (double blind) were performed.
Recombinant protein expression, phosphate release assay and PLD activity assay RGS1 K259E (base substitutions AAG to GAG) and RGS1 E320Q (base substitution GAA to CAA) were generated by site-directed mutagenesis of native RGS1. Sequences of primers used in this study are listed in Table S2 . Full-length PLDa1, GPA1 or the C-terminal region of RGS1 (amino acids 251-459), RGS1
K259E and RGS1
E320Q
proteins were purified as previously described (Bisht et al., 2011; Roy Choudhury et al., 2013) . GAP activity of RGS1 and PLDa1 was determined by using the ENZchek phosphate assay kit (Life Technologies) as previously described (Roy Choudhury et al., 2013) . GPA1 (5 lM) was incubated with 1 lM RGS1 in the presence or absence of PA or PC liposomes. Phosphate (Pi) production was determined as a change in absorbance at 360 nm using a Spectramax M2 spectrophotometer (Molecular Devices, Sunnyvale, CA, USA) for 30 min at 25°C and quantified from the corresponding values recorded with a standard curve. Phospholipase D activity was determined by Amplex â Red Phospholipase D Assay Kit (Life Technologies) by using recombinant purified proteins essentially according to the manufacturer's instructions. The reaction mix was excited at 530 nm and the emission was recorded at 590 nm for up to 10 min at 37°C using a fluorescence microplate reader (Tecan Infinite â 200 PRO). Recombinant purified PLDa1 (250 ng) was used in each experiment without or with 500 ng of RGS1 or GPA1. Three biological replicates of each of the assays were performed.
Lipid-protein-binding analysis
Lipid-protein binding was determined using fat blot assay according to the method of Munnik and Wierzchowiecka (2013) , with some modifications. Ten micrograms of lipids [PA, L-a-PA or egg PA; PC, 1,2-dioleoyl-sn-glycero-3-phosphocholine or 18:1 (D9-Cis) PC (DOPC) or PE or egg lyso PE; Avanti polar lipids] were dissolved in chloroform, spotted onto a nitrocellulose membrane and dried at room temperature. Fat blots were blocked with 5 ml blocking buffer [3% bovine serum albumin (BSA) in Tris-buffered saline (50 mM Tris-HCl, pH 7.5, and 150 mM NaCl)] by gentle agitation for 1 h at room temperature. Recombinant purified C-terminal region of native or mutant versions of His-tagged RGS1 proteins were mixed in fresh Tris-buffered saline with 0.1% Tween (TBST) at 500 ng ml À1 . Fat blots were transferred in the lipid-binding protein solutions overnight at 4°C with gentle shaking. For detection of binding, the blots were incubated with a rabbit anti-polyHis tag antibody (1:10 000; Sigma-Aldrich) for 1 h and then incubated with a secondary antibody conjugated with alkaline phosphatase (1:5000; Promega). Proteins bound to the blot were visualized by staining for alkaline phosphatase activity.
For liposome binding assay, liposomes were prepared according to Kim et al. (2013) , with some modifications. PC and PA (3:1 molar ratio) or only PC (10 lmol) were rehydrated in the buffer containing 20 mM HEPES, pH 7.5, 100 mM NaCl, 0.02% (w/v) sodium azide followed by a mild sonication using a bath sonicator. The suspension was centrifuged at 50 000 g for 20 min and the pellet was mixed with binding buffer (25 mM Tris-HCl, pH 7.5, 125 mM KCl, 1 mM dithiothreitol, 0.5 mM EDTA). Purified recombinant proteins (1 lg) were incubated with liposomes for 2 h at room temperature by gentle shaking, and protein-bound liposomes were collected by centrifugation at 16 000 g for 30 min. To ascertain specificity, liposomes were washed five times by gentle shaking with the binding buffer, and then dissolved in sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer. Liposome-bound proteins or proteins present in the supernatant were separated on gels and detected using the protocol described for the fat blot assay.
Surface plasmon resonance analysis was performed using a Biacore 2000 system as described previously (Guo et al., 2011) . His-tagged C-terminal RGS1 and its mutant versions were dialyzed in the running buffer (10 mM Hepes, pH 7.5, 150 mM NaCl, 50 lM EDTA, pH 7.4) at 4°C overnight followed by centrifugation at 13 000 g for 20 min. The sensor NTA chip was saturated by injecting 500 lM NiCl 2 containing running buffer. Recombinant proteins (0.2 lM) were immobilized on the sensor chip via Ni 2+ -NTA chelation. Lipid-protein interaction was determined by injecting liposomes (100 lM) made of either PA:PC (1:3 molar ratio) or PC over the surface of the sensor chip. Regeneration buffer (0.01 M Hepes, 0.15 M NaCl, 0.35 M EDTA, pH 8.3) was used to strip the nickel from the surface of the NTA chip. RUs were analyzed and calculated from the beginning of association to the end of dissociation for each protein-liposome interaction. Kinetic constants including B max , association (k on ) and dissociation rate (k off ) were calculated by Prism v5 (GraphPad Software).
Protein-protein interaction analysis by coimmunoprecipitation
The full-length cDNAs of GPA1, PLDa1, RGS1, RGS1 K259E and RGS1 E320Q were cloned into pCR TM 8/GW/TOPOâ vector. To generate 35S:YFP-GPA1 and 35S:Myc-PLDa1, GPA1 and PLDa1 were subcloned into pEarlygate 104 and pEarlygate 203 vectors, respectively. 35S:HA-tagged native and mutant RGS1 constructs were generated by subcloning RGS1, RGS1 K259E and RGS1 E320Q into pEarlygate 201 vector. All clones were introduced into Agrobacterium tumefaciens strain GV3101 and the bacterial suspensions were infiltrated by different combinations into the abaxial surface of 4-week-old tobacco leaves. Co-immunoprecipitation assay was performed as described (Roy Choudhury and Pandey, 2016) . After immunoprecipitation with anti-HA antibodies, eluted proteins were analyzed by immunoblotting using anti-HA, anti-Myc or anti-GFP antibodies.
Nile Red staining
Six-day-old dark-grown WT (Col-0), mutants (rgs1-2, pld1-1) and rgs1-2 complementation lines (with native and mutant RGS1) seedlings were stained with Nile Red following a previously published protocol (Para et al., 2016) . Seedlings were placed in sterile water and cotyledonary leaves were imaged at 109 magnification with the Nikon Eclipse E800 microscope with epi-fluorescence module for Nile Red fluorescence detection (n = 12 each replicate).
CONFLICT OF INTEREST
The authors declare no conflicts of interest.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Sequence alignment of C-terminal AtRGS1 and HsRGS4. Figure S2 . PA modulates GAP activity of RGS1 protein. Figure S3 . Effect of PA and PC on intrinsic GTPase activity of GPA1. Figure S4 . Effect of ABA on seed germination of WT, rgs1 mutant and complemented lines. Figure S5 . Differential inhibition of primary root growth of WT, rgs1 mutant and complemented lines in the presence of ABA. Figure S6 . Differential inhibition of primary root growth of WT, rgs1 mutant and complemented lines in the presence of PA. Figure S7 . Effect of glucose on germination of WT, rgs1 mutant and complemented lines. Figure S8 . Level of total lipid accumulation in the cotyledonary leaves of WT, plda1, rgs1 mutant and complemented lines. Table S1 . Determination of kinetic constants for the PA-RGS1 interaction Table S2 . Sequences of primers used in this study
